INTRODUCTION
============

Most human cancers originate from epithelia (carcinomas), and their progression includes a process reminiscent of the epithelial--mesenchymal transition (EMT) that normally occurs during organogenesis, wound healing, and tissue repair ([@B13]; [@B71]). EMT is also associated with organ fibrosis ([@B71]). In opposition to the epithelial polarity program that generates and maintains epithelia differentiation and integrity ([@B97]), EMT endows epithelial cells with capabilities to detach from neighbor cells, traverse the basement membrane, and move through the extracellular matrix (ECM), displaying migratory and invasive phenotypes ([@B13]; [@B71]). Loss of apical/basolateral epithelial cell polarity and major changes in ECM-interacting integrins, ECM-degrading proteases, and motility properties occur during EMT with varied intensity ([@B118]; [@B95]). Intermediate states of EMT, or partial EMT, can be reverted by a mesenchymal-epithelial transition (MET) process, as would be required for organogenesis and metastasis ([@B37]; [@B72]). In carcinomas, EMT is considered a prelude not only of metastasis but also of associated malignant traits, such as the stage of tumor initiating cells or stemness ([@B115]) and chemoresistance ([@B27]; [@B119]). Indeed, the EMT program has to be strictly controlled; otherwise, serious pathogenic conditions may arise.

Inducers and modulators of the EMT program are intensively studied under different contexts both in nontumoral and carcinoma cells. Secreted factors within the cell microenvironment, including hepatocyte growth factor (HGF), Wnt proteins, fibroblast growh factor (FGF), epidermal growth factor (EGF), and transforming growth factor beta (TGF-β), play major roles in EMT acting as paracrine or autocrine stimuli of specific cell-surface receptors and signaling pathways ([@B100]; [@B71]). Extracellular matrix (ECM) elements can also induce EMT by triggering integrin-mediated signaling ([@B32]; [@B55]). EMT-prone signaling pathways converge on the activity of transcription factors such as Snail, Twist, and ZEB, which down-regulate epithelial markers (e.g., E-cadherin) and up-regulate mesenchymal markers (e.g., vimentin) ([@B118]; [@B71]). The extent of EMT depends on the cooperation between signaling pathways emerging from different receptors ([@B118]; [@B71]), among which the EGF receptor (EGFR) has a special interest.

The EGFR has a main role in the regulation of epithelial cell proliferation and differentiation, and its function is frequently exaggerated (oncogenic) in cancerous transformation and carcinoma progression ([@B60]). EGFR activation mediates initial stages of EMT synergizing other EMT inducers such as the TGFβ system ([@B31]; [@B51]). Heterologous stimuli emerging from other receptors ([@B18]) and integrins ([@B68]; [@B67]) can transactivate the EGFR. This typically occurs through pathways that promote matrix metalloproteinase (MMP)-mediated release of soluble growth factors from transmembrane precursors at the plasma membrane ([@B19]). Therefore, the EGFR constitutes a downstream nodal element of many other signaling pathways that emerge from the cell surface ([@B18]; [@B15]). This might expand the regulation of EMT by yet unsuspected factors. Evidence in *Caenorhabditis elegans* suggests that the EGFR contributes to modulate the ubiquitin-proteasome system (UPS), which controls protein homeostasis by degrading ubiquitin-tagged proteins ([@B52]). UPS is frequently overactivated in cancer cells and very likely participates in EMT ([@B1]; [@B110]). An enhanced UPS can down-regulate signal-transduction elements that negatively control cell growth and cell viability and might also help to avoid deleterious accumulations of mutated proteins generated by the variety of genetic defects in cancer cells ([@B24]). New extracellular factors potentially driving EMT and the acquisition of tumoral traits by epithelial cells are certainly of great interest ([@B30], [@B29]).

Galectins are a family of 15 glycan-binding proteins characterized by their conserved carbohydrate-recognition domains (CRDs) for β-galactosides and their capability to modulate a variety of cellular processes, with physiological, pathogenic, and therapeutic implications ([@B41]; [@B81]; [@B69]). Cellular activities and responses to extracellular stimuli are globally modulated by galectins exerting simultaneous control over several cell-surface glycoproteins and signaling pathways ([@B41]; [@B81]; [@B69]). Although these lectins are synthesized as cytosolic proteins, most of their functions take place by interacting with glycans of cell surface and ECM proteins after unconventional secretion ([@B41]; [@B81]; [@B69]). Galectins have long been involved in cancer-related processes ([@B81]; [@B101]). However, their role in EMT remains mostly unknown and has just recently been analyzed in carcinoma cells ([@B83]; [@B112]; [@B4]) but not yet in nontumoral epithelial cells from which carcinomas originate.

The role of galectins in epithelial cells has been little explored and can vary depending on the galectin and cellular contexts. For instance, the endogenous expression of galectin-3 (Gal-3), Gal-9, and Gal-4 in epithelial cells mediates the apical distribution of specific proteins ([@B21]; [@B65]; [@B78]), contributing to the execution of the apical/basolateral polarity program, in contraposition to EMT ([@B13]; [@B97]; [@B72]). However, Gal-1 and Gal-3 have also been shown to promote EMT in squamous cell carcinomas ([@B83]; [@B112]) and also Gal-1 in hepatocellular carcinoma ([@B4]), seemingly engaging the TGF-β and Wnt signaling pathways. In contrast, Gal-9, instead of inducing EMT, has deleterious effects in nontumoral MDCK cells and K-Ras mutants of colorectal carcinoma cells ([@B113]). It is important to define whether other galectins currently associated with cancer, such as Gal-8, can promote EMT in nontumoral epithelial cells and whether other signaling pathways contribute to this process.

Gal-8 is one of the most widely expressed galectins in human tissues and carcinomas ([@B25]). This is a tandem-repeat galectin consisting of N- and C-terminal CRDs with different glycan selectivity and joined by a linker peptide, whose length variation gives rise to short and long isoforms. The N-terminal CRD preferentially binds to α2,3-sialylated glycans, a unique specificity among galectins, thus endowing Gal-8 with special functional properties ([@B38]; [@B25]). Gal-8 can have antitumoral effects, inducing growth arrest and apoptosis ([@B36]; [@B3]) or inhibiting migration and tumoral growth ([@B70]), which might explain its down-regulation in certain carcinomas, such as colon cancer ([@B70]; [@B25]). However, Gal-8 can also promote tumorigenesis by stimulating angiogenesis ([@B22]; [@B103]) and integrin-mediated cell adhesion to the ECM during metastasis ([@B82]). A recent study in glioblastoma cells that tests the effects of Gal-8 silencing demonstrates that endogenous Gal-8 expression can promote cell proliferation and survival in certain cancers ([@B61]). Gal-8, similarly to other galectins, is overexpressed and associated with malignancy in several carcinomas, suggesting a gain of function that so far remains unknown ([@B81]; [@B25]; [@B101]).

Integrins are major counterreceptors of Gal-8 ([@B36]; [@B49]; [@B17]). Selected β1-integrins have been involved in Gal-8-mediated cell adhesion and signaling toward activation of focal-adhesion kinase (FAK) ([@B36]; [@B49]; [@B17]) and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) ([@B17]; [@B74]). Interestingly, integrins are intimately intertwined with EGFR function, forming complexes as signaling units sensitive to ECM stimulation ([@B63]; [@B68]; [@B90]; [@B23]) and together with EGFR signaling pathways are important mediators of EMT ([@B99]; [@B97]; [@B28]). All these data suggest a pathway through which Gal-8 might modulate epithelial cell processes associated with tumorigenesis.

Herein, we study the effects of Gal-8 overexpression or its exogenous addition in nontumoral MDCK cells, widely used in studies of cell transformation ([@B93]; [@B105]) and EMT ([@B9]; [@B16]). Our results reveal that epithelial cells overexposed to Gal-8 can undergo partial and reversible EMT associated with tumorigenic transformation and invasive properties. Furthermore, we show that Gal-8 induces integrin-mediated transactivation of EGFR, leading to proteasome activation in a manner restricted by apical/basolateral polarity.

RESULTS
=======

Gal-8 increases the rate of proliferation in MDCK cells acting extracellularly on cell-surface glycans
------------------------------------------------------------------------------------------------------

To study the effects of Gal-8 overexpression on epithelial cells, we transfected MDCK cells and selected two colonies expressing relatively low (MDCK-Gal-8^L^) and high (MDCK-Gal-8^H^) Gal-8 levels. Reverse transcriptase-PCR (RT-PCR), immunoprecipitation, and immunoblot assays characterize the Gal-8 expression of these two colonies ([Figure 1A](#F1){ref-type="fig"}). Immunoblot of conditioned media indicated that MDCK-Gal-8^H^ cells secrete twice as much Gal-8 as MDCK-Gal-8^L^ cells ([Figure 1A](#F1){ref-type="fig"}). Both MDCK-Gal-8^L^ and MDCK-Gal-8^H^ cells displayed higher proliferation rates, incorporating two- and fourfold more \[^3^H\]thymidine, respectively, than MDCK cells ([Figure 1B](#F1){ref-type="fig"}). Cells transfected with an empty vector behave similarly to wild-type MDCK cells (unpublished data), and thus we will refer to control cells as MDCK cells. Doubling times of proliferation decreased from 20.1 h in MDCK cells to 16.3 h in MDCK-Gal-8^H^ cells ([Figure 1C](#F1){ref-type="fig"}). These results indicate that the levels of Gal-8 overexpression impinge on the Gal-8 secreted levels, which in turn increases the proliferation rate of MDCK cells acting on cell-surface glycans, as shown below.

![Gal-8 overexpression increases the proliferation of MDCK cells interacting with cell-surface glycans. (A) MDCK cells stably transfected with human recombinant Gal-8. RT-PCR, immunoprecipitation (IP) of cell extracts, and immunoblot (IB) of TCA precipitates from (24 h) conditioned media show Gal-8 expressed and secreted at relatively low (MDCK-Gal-8^L^) or high (MDCK-Gal-8^H^) levels. (B) MDCK-Gal-8^L^ (*n* = 21 wells from seven experiments) and MDCK-Gal-8^H^ (*n* = 35 wells, from 12 experiments) show higher rates of 24 h ^3^\[H\]thymidine incorporation than MDCK cells (*n* = 30 wells, from 10 experiments); mean ± SEM; \**p* \< 0.05; \*\**p* \< 0.005; one-way ANOVA followed by Tukey's multiple comparisons test. (C) Comparison of cell growth rates and doubling times (dT) of MDCK and MDCK-Gal-8^H^ cells (*n* = 6, from three experiments); mean ± SEM; \**p* \<0.05; \*\**p* \< 0.005; two-way ANOVA followed by Sidak's multiple comparisons test. (D) TDG (20 mM) abrogates the increased proliferation of MDCK-Gal-8^H^ cells. (E) Exogenous Gal-8 (GST-Gal-8 or Gal-8 proteolitically released from GST) increases MDCK cell proliferation (*n* = 12, from four experiments); mean ± SEM; \**p* \< 0.05; \*\**p* \< 0.005; one-way ANOVA adjusted by Tukey's multiple comparisons test.](mbc-29-557-g001){#F1}

Gal-8, similarly to other galectins, exerts different functions interacting with intracellular or extracellular elements ([@B17]; [@B74]; [@B102]). As galectins lack a signal peptide, their secretion occurs through an unconventional mechanism, presumably involving exosomes ([@B46]; [@B8]). To determine whether Gal-8 overexpression exerts its proliferation effect acting on intracellular or cell-surface extracellular elements, we tested the effect of tiodigalactoside (TDG), which, similarly to lactose, blocks the binding of galectins to externally exposed carbohydrates ([@B17]; [@B74]). TDG almost completely abolished the increased proliferation of MDCK-Gal8^H^ cells ([Figure 1D](#F1){ref-type="fig"}), indicating an extracellular action of Gal-8 interacting with cell-surface glycans. Recombinant GST-Gal-8 and GST-free Gal-8 added to the medium also increased the incorporation of \[^3^H\]thymidine in MDCK cells. A concentration of 50 μg/ml Gal-8, close to that estimated for 24 h conditioned media, elicited a proliferative level similar to that of MDCK-Gal-8^H^ cells ([Figure 1E](#F1){ref-type="fig"}).

All these results, which include the distinct proliferation rates of MDCK-Gal-8^L^ and MDCK-Gal-8^H^ cells related to the levels of Gal-8 in conditioned media, the similar effects of endogenous and exogenous Gal-8 and the counteracting effect of TDG, indicate that MDCK cells increase their proliferation rate according to the level of Gal-8 stimulation at the cell surface. In principle, epithelial cells can be stimulated by Gal-8 both in autocrine and paracrine manners, that is, Gal-8 secreted by neighboring cells might induce proliferation.

MDCK-Gal-8^H^ cell proliferation involves transactivation of the EGFR and ERK mitogenic signaling
-------------------------------------------------------------------------------------------------

We then studied whether the proliferative response to Gal-8 involves the mitogenic activity of the EGFR, which is a crucial regulator of epithelial cell proliferation ([@B60]), including MDCK cells ([@B15]). MDCK-Gal-8^H^ cells showed higher levels of EGFR tyrosine-phosphorylation than MDCK cells, without changing the receptor mass and thus reflecting EGFR activation ([Figure 2A](#F2){ref-type="fig"}). To assess whether Gal-8 directly activates or indirectly transactivates the EGFR, we inhibited the MMP activity ([@B18]; [@B80]; [@B15]), which proteolitically release growth factors from cell-surface membrane precursors ([@B80]). GM6001 (GM), a general MMP inhibitor, decreased the level of EGFR tyrosine-phosphorylation in MDCK-Gal-8^H^ cells, as assessed in immunoprecipitated EGFR ([Figure 2A](#F2){ref-type="fig"}) or directly in cell extracts ([Figure 2B](#F2){ref-type="fig"}). However, MDCK and MDCK-Gal-8^H^ had similar mass of EGFR ([Figure 2, A](#F2){ref-type="fig"}, bottom blot, and B, middle blot), indicating transactivation of EGFR in MDCK-Gal-8^H^ cells.

![MMP-mediated transactivation of EGFR drives the higher proliferation of Gal-8--overexpressing MDCK-Gal-8^H^ cells. (A) Immunoprecipitated (IP) EGFR analyzed by immunoblot (IB) for tyrosine-phosphorylation (p-Tyr, top blot) and total mass (EGFR, bottom blot); (B) Immunoblot of EGFR for Tyr1068 phosphorylation (p-EGFR1068; top blot) and total mass (EGFR; middle blot) and actin in 50 μg of proteins from cell extracts of MDCK-Gal-8^H^ and MDCK cells incubated in the absence or presence of MMP inhibitor GM6001 (GM; 2.5 μM) for 4 h. MDCK-Gal-8^H^ cells show higher activation but similar expression of EGFR compared with MDCK cells, and their EGFR activity decreased after treatment with GM. (C) Immunoblot analysis of phospho-ERK1/2 and total mass of ERK1/2 in cell extracts (50 μg) shows higher activity of ERK1/2 in MDCK-Gal-8^H^ cells compared with MDCK cells, which is reduced by the MEK inhibitor PD98059 (PD), indicating activation of the EGFR/RAS/RAF/MEK/ERK pathway. (D) Inhibitors of EGFR tyrosine-kinase (0.1 μM AG1478; AG), MEK (25 μM PD98059; PD), and MMP (2.5 μM GM6001; GM) all abolish the increased proliferation of MDCK-Gal-8^H^ cells (*n* = 12 wells from four experiments); mean ± SEM; \*\**p* \< 0.005; one-way ANOVA, Tukey's multiple comparisons test.](mbc-29-557-g002){#F2}

MDCK-Gal-8^H^ cells also showed higher levels of ERK1/2 activation compared with MDCK cells ([Figure 2C](#F2){ref-type="fig"}). Furthermore, inhibitors of MMP (GM6001), EGFR tyrosine-kinase (AG1478), and the downstream MEK kinase (PD98059) all decreased MDCK-Gal-8^H^ cell proliferation to the levels of MDCK cells ([Figure 2D](#F2){ref-type="fig"}). Therefore, EGFR transactivation and signaling via the Ras/Raf/MEK/ERK pathway mostly accounts for the mitogenic effect of Gal-8.

Gal-8 binds α5β1 integrin and activates FAK leading to EGFR transactivation
---------------------------------------------------------------------------

Previous studies in other cells show that Gal-8 interacts with selected β1-integrins, including α5β1 ([@B49]; [@B17]; [@B74]). Gal-8 has also been shown to activate FAK ([@B49]), a main integrin downstream signaling element ([@B62]; [@B88]). Our pull-down experiments with GST-Gal-8 detected the α5-integrin subunit, indicating that Gal-8 also interacts with this β1-integrin in MDCK cells ([Figure 3A](#F3){ref-type="fig"}). GST-Gal-8 also pulled down the EGFR ([Figure 3A](#F3){ref-type="fig"}) and lactose (50 mM), widely used to block galectin interactions with β-galactosides ([@B17]; [@B74]), and decreased the pull down of both proteins ([Figure 3A](#F3){ref-type="fig"}), indicating a glycan-mediated interaction. As our previous results with MMP inhibitors favor transactivation instead of direct activation of the EGFR by Gal-8, we tested whether Gal-8 activates integrin signaling and whether this might account for EGFR transactivation ([@B68]). Accordingly, we observed FAK activation in MDCK-Gal-8^H^ cells ([Figure 3B](#F3){ref-type="fig"}), and the FAK specific inhibitor Y15 completely abrogated the EGFR activation induced by Gal-8 ([Figure 3C](#F3){ref-type="fig"}). All these results are congruent with EGFR transactivation through α5β1 integrin-FAK pathway triggered by Gal-8.

![Gal-8 binds α5β1 integrin and activates FAK in the pathway of EGFR transactivation. (A) GST-Gal-8 pulls down α-5 integrin, β1 integrin, and EGFR (lane 1) from 500 μg of cell extract, which is blocked by lactose (50 mM) (lane 2), indicating dependency of Gal-8/glycan interaction. Lane 3 is empty to avoid spill-off from lane 4 showing the presence of analyzed proteins in 50 μg of total cell extract. (B) MDCK-Gal-8^H^ cells have activated FAK as shown by immunoblot with anti-FAK (Tyr-397). (C) Gal-8 activates EGFR in a FAK-dependent manner. MDCK cells incubated with Gal-8 show an increased level of Tyr phosphorylation of EGFR (pEGFR), which is reduced by FAK inhibitor Y15.](mbc-29-557-g003){#F3}

Gal-8 increases migration and invasion in MDCK cells
----------------------------------------------------

As Gal-8 stimulated FAK and the EGFR, both involved in migration and invasion of carcinoma cells ([@B90]; [@B54]; [@B94]), we assessed two-dimensional migration in a wound closure assay, as well as three-dimensional migration/invasion across a matrigel-covered polycarbonate membrane of Transwell chambers. MDCK-Gal-8^H^ cells and MDCK cells treated with exogenous Gal-8 both showed faster wound healing than untreated MDCK cells ([Figure 4A](#F4){ref-type="fig"}). TDG decreased the migration of MDCK-Gal-8^H^ cells, thus demonstrating an extracellular action of secreted Gal-8 on cell-surface glycans ([Figure 4A](#F4){ref-type="fig"}). MDCK-Gal-8^H^ cells also displayed sixfold-higher invasion activity compared with MDCK cells, which was counteracted by EGFR (AG1478) and MMP broad-spectrum inhibitors (GM-6001 and ONO-4817) ([Figure 4B](#F4){ref-type="fig"}). Therefore, in addition to proliferation, Gal-8--induced EGFR transactivation stimulates MDCK cell migration and invasion.

![Gal-8 increases migration and invasion capabilities of MDCK cells. (A) Wound healing assay. A confluent monolayer of MDCK and MDCK-Gal-8^H^ cells was scraped with a micromanipulator and pictured every 30 min for 2 h. The picture depicts wound healing at 120 min, while the graph illustrates healing progression under the indicated conditions, including the effects of TDG (20 mM) and exogenous Gal-8 (50 μg/ml) (*n* = 6 wounds from three experiments). Mean ± SEM; \**p* \< 0.05; two-way ANOVA followed by Sidak's multiple comparisons test; Scale bar = 40 μm. (B) Invasion assay. MDCK and MDCK-Gal-8^H^ cells (5 × 10^4^) were seeded in Transwell filters (8-μm pore) coated with Matrigel and incubated in the absence or presence of AG1478, GM6001, and ONO4817 for 24 h. Cells stained with crystal violet (arrowheads) were counted on bottom sides of the filter. Graph shows number of cells per field (*n* = 6 fields from three experiments) Mean ± SEM; \**p* \< 0.05; \*\**p* \< 0.005; one-way ANOVA, Tukey's multiple comparisons test).](mbc-29-557-g004){#F4}

Gal-8 increases the expression of extracellular matrix--degrading proteases
---------------------------------------------------------------------------

As cell invasion relies on the capability of cells to degrade ECM, we assessed the secretion of the serine protease uPA ([@B91]) and MMPs ([@B42]) involved in ECM degradation. Conditioned media from MDCK-Gal-8^H^ cells showed higher uPA activity in agarose/casein gels containing plasminogen ([Figure 5A](#F5){ref-type="fig"}). In addition, the analysis of conditioned media from MDCK-Gal-8^H^ cells with zymographs of gelatin degradation revealed higher MMP activity attributable to MMP-13 ([Figure 5B](#F5){ref-type="fig"}). RT-PCR showed higher levels of the corresponding transcripts of these proteins, as well as the uPA receptor ([Figure 5C](#F5){ref-type="fig"}). In correlation with these observations, we found an increased mass of both uPA and MMP-13 proteins in cell extracts and media and the uPA receptor in cell extracts ([Figure 5D](#F5){ref-type="fig"}). These results reveal an enhanced activity of the uPA/uPAR system and MMP-13 in MDCK-Gal-8^H^ cells due to their increased expression levels, which indeed would contribute to the higher invasive properties of these Gal-8--overexpressing cells.

![Gal-8 increases the secretion of extracellular matrix-degrading proteases. (A) Zymography of caseinolitic activity reveals higher uPA activity in 24 h conditioned media from MDCK-Gal-8^H^ cells compared with MDCK cells. (B) Zymography of gelatin degradation and electrophoretic mobility of MMP-9 (92 kDa), MMP-2 (72 kDa), and MMP-13 (48 kDa). The increased gelatinolytic activity in 48 h conditioned media from MDCK-Gal-8^H^ corresponds to MMP-13. (C) RT-PCR analysis showing higher levels of transcripts of uPA, uPAR, and MMP13 in MDCK-Gal-8^H^ cells. (D) Immunoblot analysis of cell extracts (Cells) and 24 conditioned media (Media). MDCK-Gal-8^H^ cells show increased levels of uPA uPAR and MMP-13 compared with MDCK cells. Graph shows the mean ratio of MDCK-Gal-8^H^ vs. MDCK cells in arbitrary units of each band density relative to actin (*n* = three experiments). (E) Zymography of uPA activity shows sensitivity to inhibition by AG1478 (AG) and Y15 but not to PD98059 (PD).](mbc-29-557-g005){#F5}

To test whether the changes in serine protease activity has a similar dependence on the signaling pathways controlling proliferation of MDCK-Gal-8^H^ cells, we assessed uPA activity under inhibitors of these pathways. AG1478 and Y15 inhibitors of EGFR and FAK, respectively, but not the inhibitor of ERK (PD98059), abrogated uPA activity detected in the media ([Figure 5E](#F5){ref-type="fig"}). These results indicate that FAK-dependent EGFR transactivation regulates uPA activity involving a pathway distinct from ERK1/2.

Gal-8 promotes partial/reversible epithelial mesenchymal transition
-------------------------------------------------------------------

Enhanced invasiveness of epithelial cells implies an ongoing EMT program, which has been proposed to be partial and reversible during embryonic development and metastatic processes ([@B72]). The most characteristic hallmarks of EMT during organogenesis and tumorigenesis comprise decreased expression of E-cadherin due to higher expression of its negative transcriptional regulator, Snail, accompanied by reciprocal increments of vimentin and fibronectin expression ([@B118]; [@B72]). EMT also involves an increased expression of α5β1 integrin ([@B118]). Accordingly, we found that MDCK-Gal-8^H^ cells in subconfluent conditions displayed higher expression levels of fibronectin, α5β1, vimentin, and snail, as well as a decreased E-cadherin ([Figure 6A](#F6){ref-type="fig"}). In contrast, confluent MDCK and MDCK-Gal-8^H^ cells showed similar expression levels of all these proteins, even decreasing some of them (e.g., α5 integrin and Snail) ([Figure 6A](#F6){ref-type="fig"}). We also found nuclear translocation reflecting activation of β-catenin ([Figure 6B](#F6){ref-type="fig"}), another well-characterized EMT marker ([@B118]). However, despite expressing EMT hallmarks, MDCK-Gal-8^H^ cells did not acquire a typical mesenchymal cell phenotype under subconfluent conditions ([Figure 6C](#F6){ref-type="fig"}). Both MDCK and MDCK-Gal-8^H^ cells showed a tendency to form clusters, indicating that Gal-8 does not abrogate cell--cell interactions ([Figure 6C](#F6){ref-type="fig"}). The morphology of MDCK-Gal-8^H^ cells frequently showed extensions resembling the lamellipodial and fusiform projections of migratory cells, but not a fibroblastic phenotype ([Figure 6C](#F6){ref-type="fig"}), as can also be seen during wound healing ([Figure 4A](#F4){ref-type="fig"}).

![Gal-8 promotes reversible EMT maintaining the capability to generate transepithelial resistance and apical (Ap)/basolateral (Bl) polarity. (A) Subconfluent MDCK-Gal-8^H^ cells display hallmarks of EMT compared with MDCK cells, such as increased levels of fibronectin, α5-integrin, vimentin, and Snail, accompanied by lower levels of E-cadherin. These changes are reverted in confluent cells. Graph shows the mean ratio of MDCK-Gal-8^H^ vs. MDCK cells in arbitrary units of each band density relative to actin in subconfluent and confluent cells (*n* = three experiments). (B) Higher nuclear distribution of β-catenin in subconfluent MDCK-Gal-8^H^ cells compared with MDCK cells. Lamin A is used as a marker of nuclear fraction. Graph shows the average percentage of distribution (*n* = 3 experiments); (C) Subconfluent MDCK-Gal-8^H^ cells show extensions opposing the mass of cell clusters compared with MDCK cells, without acquiring a complete mesenchymal phenotype; Scale bar = 10 μm. (D) MDCK-Gal8^H^ grown to confluence on Transwell filters (0.4-μm pore) develop more rapidly and higher levels of TER than MDCK cells. (E) Domain-selective biotinylation shows similar basolateral distribution and cell-surface levels of E-cadherin in Transwell-seeded MDCK-Gal8^H^ and MDCK cells. Total E-cadherin corresponds to 5% of cell extract (50 μg/protein). (F) Immunoblot in 18 h conditioned media shows apical secretion of Gal-8 and basolateral secretion of fibronectin. (G) Apical GP135 and basolateral E-cadherin immunofluorescence analyzed in a Leica SP8 scanning confocal microscope. Images of apical, basolateral, and X-Z sections are displayed. GP135 displays a clustered pattern in MDCK-Gal8^H^ cells. Scale bar = 10 µm.](mbc-29-557-g006){#F6}

All of these observations prompt us to test whether MDCK-Gal-8^H^ cells maintain the capability to form apical-basolateral polarized monolayers. MDCK-Gal-8^H^ cells grown to confluence in Transwell chambers developed transepithelial resistance more rapidly and at higher levels than MDCK cells, very likely due to their higher proliferation rate ([Figure 6D](#F6){ref-type="fig"}). Domain-specific biotinylation assays showed similar basolateral distributions and cell-surface levels of E-cadherin in both MDCK and MDCK-Gal-8^H^ cells ([Figure 6E](#F6){ref-type="fig"}). Interestingly, we detected Gal-8 exclusively secreted to the apical chamber, contrasting with the basolateral secretion of fibronectin ([Figure 6F](#F6){ref-type="fig"}). Both GP135 and E-cadherin displayed the expected apical and basolateral distribution, respectively. The GP135 protein showed an apical clustered pattern in MDCK-Gal-8^H^ ([Figure 6G](#F6){ref-type="fig"}). Therefore, when cells reach confluence, the reversion of protein expression characteristic of EMT is accompanied by the acquisition of a polarized phenotype. These results indicate that Gal-8 promotes the expression of a partial and reversible EMT program, which provides higher proliferation, migration, and invasion properties while maintaining the capability of differentiation toward a polarized epithelial phenotype. Because  β1-integrins and EGFR are basolaterally distributed in polarized MDCK cells ([@B87]; [@B43]), the apical secretion of Gal-8 might lead to a reverted EMT phenotype due to an impediment of its interaction with α5β1, which would be required for transactivating the EGFR.

Gal-8 increases proteasomal activity
------------------------------------

The ubiquitin proteasome system (UPS) regulates many signaling elements crucial to both EMT and cancer ([@B1]; [@B110]). Therefore, we studied whether Gal-8 overexpression or its exogenous addition affects proteasome activity. We first measured the chymotrypsin-like activity of the β5 subunits of the 20S proteasome and found 1.5-fold higher activity in MDCK-Gal-8^H^ compared with MDCK cells ([Figure 7A](#F7){ref-type="fig"}). The counteracting effect of lactacystin, a specific proteasome inhibitor, further demonstrated that such increased proteolysis corresponds to proteasome activity. Its inhibition with lactose, but not with sucrose, indicates dependency of this Gal-8--induced proteasome activity on interactions with cell-surface glycans ([Figure 7A](#F7){ref-type="fig"}).

![Gal-8 increases the activity but not the expression of the proteasome through the FAK/EGFR pathway. (A) MDCK-Gal-8^H^ cells show higher proteasome activity than MDCK cells, which is lowered by 20 mM β-lactose (but not by 20 mM sucrose) and by the proteasome inhibitor Lactacystin (1 μM). (B) Gal-8 (50  μg/ml) treatment for 4 h increases the chymotrypsin-, trypsin-, and caspase-like activity, corresponding to the proteasomal β5, β2, and β1 catalytic subunits. (C) Lactose (20 mM) (but not sucrose), and lactacystin counteract the Gal-8--induced increase of the proteasomal β5 catalytic activity. (D) Inhibition of EGFR (AG1478) and FAK (Y15) decrease the proteasome activity of MDCK-Gal-8^H^ cells to the levels of MDCK cells (mean ± SEM; *n* = 9 wells from three experiments; \**p* \< 0.05, \*\**p* \< 0.005, one-way ANOVA). (E) Gal-8 does not change the proteasome expression. The α4 subunit of the 20S proteasome shows similar levels in MDCK-Gal-8^H^ and MDCK, as well as in MDCK cells treated with 5, 10, 20, and 50 μg/ml Gal-8. Graphs show the mean ± SEM densitometric intensity from three experiments.](mbc-29-557-g007){#F7}

We then assessed the effect of exogenous Gal-8 on the proteasome activity of MDCK cells but extending the analysis to chymotrypsin-like, trypsin-like, and caspase-like activities, which correspond to proteasomal β5, β2, and β1 catalitic subunits, respectively. Gal-8 added to the media for just 4 h increased all of these proteasome activities ([Figure 7B](#F7){ref-type="fig"}). Again, lactacystin and lactose (20 mM), but not sucrose (20 mM), inhibited this Gal-8 effect ([Figure 7C](#F7){ref-type="fig"}).

Interestingly, inhibitors of EGFR tyrosine-kinase and FAK both abrogated the effects of Gal-8 on proteasome activity ([Figure 7D](#F7){ref-type="fig"}). Immunoblot analysis showed similar expression levels of the proteasome  α4 subunit in MDCK and MDCK-Gal-8^H^ cells, as well as in MDCK cells exogenously incubated with 50 μg/ml Gal-8 for 4 h ([Figure 7E](#F7){ref-type="fig"}). Therefore, the Gal-8--induced increase of proteasome activity requires EGFR and FAK activation and is not due to up-regulation of proteasome expression.

Gal-8 increases proteasomal activity in a polarized manner
----------------------------------------------------------

We noticed that Gal-8--induced proteasome activity occurred in subconfluent but not in highly confluent MDCK cells ([Figure 8A](#F8){ref-type="fig"}). As Gal-8 is apically secreted (see [Figure 6A](#F6){ref-type="fig"}), this observation suggested that Gal-8 loses its effects in polarized epithelial cells due to an impeded interaction with basolateral integrins. In congruency with this possibility, Gal-8 added to the basolateral, but not to the apical, domain increased the proteasome activity ([Figure 8B](#F8){ref-type="fig"}). Indeed, the domain-specific biotinylation showed the expected basolateral localization of its interacting protein β1-integrin, similarly to E-cadherin ([Figure 8C](#F8){ref-type="fig"}). These results indicate that Gal-8 enhances proteasome activity in epithelial cells only under nonpolarized conditions or when Gal-8 secreted by other cells have access to the basolateral β1-integrins.

![Gal-8 induces proteasome activation in a polarized manner. (A) Gal-8 induces proteasome activity in subconfluent but not in confluent MDCK cells. (B) MDCK cells grown in Transwell chambers increases proteasome activity in response to Gal-8 added to the basolateral but not to the apical compartment (mean ± SEM; *n* = 9 wells from three experiments; \**p* \< 0.05, \*\**p* \< 0.005, one-way ANOVA). (C) Domain-specific cell-surface biotinylation shows basolateral distribution of the Gal-8-interacting protein β1-integrin, similarly to E-cadherin. Total β1-integrin and E-cadherin correspond to 5% of cell extract (50 μg/protein).](mbc-29-557-g008){#F8}

Gal-8 stimulates anchorage-independent growth and invasive tumorigenesis
------------------------------------------------------------------------

Another property acquired during cancer-associated EMT is the capability of anchorage-independent growth, which correlates with tumorigenicity and anoikis resistance when epithelial cells are released from cell--cell and cell--ECM interactions ([@B28]; [@B76]). We observed larger and increased numbers of colonies generated in soft agar by MDCK-Gal-8^H^ cells than by MDCK cells ([Figure 9A](#F9){ref-type="fig"}). Then we compared the tumorigenic potential of MDCK-Gal-8^H^ and parental MDCK cells in immunosupressed NSG mice. Subcutaneous injection of 10^6^ cells showed that MDCK cells only form small nodules of ∼1--1.5 mm (longest diameter), detectable after 8--10 wk. In contrast, the five mice injected with MDCK-Gal-8^H^ developed larger tumor masses, in the range of 3--9 mm. The two biggest tumors showed intense confluence of blood vessels and signs of tumor infiltration into the adjacent skeletal muscle ([Figure 9B](#F9){ref-type="fig"}, arrowhead). Histology analysis showed that MDCK-formed nodules have well-delineated borders and contain cuboidal cells organized in tubules, with abundant luminal contents of cell detritus and separated by dense collagen fibers ([Figure 10, A](#F10){ref-type="fig"}, A′, and A″). Instead, MDCK-Gal-8^H^ cells generated tumors of irregular contours, constituted by epithelial cell proliferation and variable morphology, including channels, papillae, and micropapillae ([Figure 10, B](#F10){ref-type="fig"}, B′, B″, and [C](#F10){ref-type="fig"}), as well as skeletal muscle infiltration at the periphery ([Figure 10, B](#F10){ref-type="fig"} andB′), compromise of the perineural connective tissue (perineural invasion) ([Figure 10, B, B](#F10){ref-type="fig"}″, and [C](#F10){ref-type="fig"}), vascularized papillae ([Figure 10D](#F10){ref-type="fig"}), focalized areas of poorly differentiated cells with a tumoral aspect ([Figure 10E](#F10){ref-type="fig"}), and increased mitotic activity (unpublished data). (Supplemental Figure 1 shows higher magnifications of [Figure 10, B′, B″, C, and D](#F10){ref-type="fig"}.) These features are typically observed in human malignant tumors. Furthermore, immunohistochemistry of cell proliferation marker Ki67 shows a low percentage of cell proliferation (\<15%) in MDCK nodules contrasting with the high index of cell proliferation (60--70%) in the MDCK-Gal-8^H^ tumor ([Figure 10, F and G](#F10){ref-type="fig"}). Also, in contrast with MDCK that form nodules with basolateral distribution of E-cadherin ([Figure 11A](#F11){ref-type="fig"}), MDCK-Gal-8^H^ tumors are heterogeneous, showing areas of cells expressing E-cadherin with either epithelial morphology ([Figure 11B](#F11){ref-type="fig"}′) or mesenchymal phenotypes ([Figure 11B](#F11){ref-type="fig"}″), suggesting different grades of EMT. These images indicate that Gal-8 endows MDCK cells with invasive tumorigenic potential.

![Gal-8 overexpression promotes anchorage-independent growth in soft agar and tumor generation in immunodeficient NSG mice. (A) Anchored-independent growth. MDCK-Gal-8^H^ cells (500 cells) seeded in soft agar generated an increased number of colonies, and larger, than MDCK cells. Analysis of 13 fields for each condition (number of colonies/field, mean ± SEM; \*\**p* \< 0.005; two tailed unpaired *t* test with Welch´s correction. Areas of colonies from three experiments were measured with ImageJ software in 53 colonies of MDCK cells and 88 colonies of MDCK-Gal-8^H^ cells (mean ± SEM; \**p* \< 0.05 two-tailed unpaired *t* test with Welch´s correction). Scale bar, 500 μm. (B) Tumor generation in NSG mice. Cells (10^6^) were subcutaneously injected in NSG mice, and the size of tumors was periodically assessed during 10 wk. The size of the nodules formed by MDCK cells remained similar from 2 to 10 wk, measuring around 1--1.5 mm in the killed animals (black arrow), whereas MDCK-Gal-8^H^ cells formed tumors in the range of 3--9 mm (longest diameter: scale bar, 5 mm). The tumor depicted in the figure measured around 9 mm and shows a region infiltrating the muscle (white arrow). Graph shows each tumor volume (\*\**p* \< 0.005; Mann-Whitney test, two tailed).](mbc-29-557-g009){#F9}

![Histology and proliferation activity of MDCK- and MDCK-Gal-8^H^-generated tumors. Tumors generated in NSG mice subcutaneously injected with 10^6^ cells were analyzed after 10 wk. (A--E) MDCK tumor HE staining. (A) A well-defined nodule generated by MDCK cells showing an area with small and medium vascular structures in the peripheral pseudocapsule (enlarged in A′), and a region enriched in tubules formed by cuboidal cells of differentiated appearance, filled with cellular detritus and separated by ECM and interstitial cells (enlarged in A″). (B--E) MDCK-Gal-8^H^ tumor HE staining. (B) A tumor generated by MDCK-Gal-8^H^ cells is labeled at regions showing an invasive behavior revealed by muscle infiltration (enlarged in B′, arrow) and perineural invasion (enlarged in B″, arrowhead) with abundant micropapillae differentiation (B″, arrow). (C--E) Selected areas of other MDCK-Gal-8^H^-generated tumors showing malignant features: (C) muscle infiltration (asterisk), papillae differentiation (arrow), and perineural invasion (arrowhead). (D) A papillae with a vascular structure (arrow). See higher magnifications of B, B″, C, and D in Supplemental [Figure 1](#F1){ref-type="fig"}. (E) Undifferentiated cells with categorical tumoral appearance. (F, G) Immunohistochemistry of cell proliferation marker Ki67 shows a low percentage of cell proliferation (\<15%) in MDCK nodules contrasting with the high index of cell proliferation (60--70%) in the MDCK-Gal-8^H^ tumor.](mbc-29-557-g010){#F10}

![Immunohistochemistry of E-cadherin of MDCK- and MDCK-Gal-8^H^-generated tumors. (A) MDCK-generated nodule shows epithelial cells organized in tubular structures with basolateral distribution of E-cadherin (arrows, A′). (B) MDCK-Gal8^H^-generated tumor shows regions with epithelial morphology and basolateral distribution of E-cadherin (\*\*; arrows in B′) and poorly differentiated regions with cells displaying mesenchymal morphology and a more intracellular distribution of E-cadherin (\*; arrows in B″).](mbc-29-557-g011){#F11}

DISCUSSION
==========

This study demonstrates that Gal-8 overexpression can transform MDCK cells into highly proliferative, migratory/invasive, and tumorigenic cells, involving FAK-mediated EGFR transactivation, enhanced proteasomal activity, and partial/reversible EMT. Exogenously added Gal-8 also transactivates the EGFR with similar functional consequences. The epithelial polarity program impedes such EMT-prone changes compartmentalizing Gal-8 secretion to the apical domain while its effectors  β1-integrins are basolaterally distributed. The results suggest that epithelial cells might undergo a tumorigenic EMT within a tumor microenvironment provided by Gal-8--overexpressing carcinoma cells.

More than one signaling pathway probably converges on Gal-8--induced tumorigenic EMT. Gal-8 can interact with several cell-surface receptors ([@B73]; [@B17]; [@B108]), including uPAR ([@B109]) and TGFβR ([@B85]). Here we focused on EGFR due to its well-known contribution to tumorigenesis and intertwined function with β1-integrins ([@B63]; [@B68]; [@B90]; [@B23]), which are major counter-receptors of Gal-8 ([@B36]; [@B49]; [@B17]) and mediate transactivation of the EGFR by the ECM ([@B67]). As reported in other cells ([@B49]), we show that Gal-8 binds  α5β1 and activates FAK in MDCK cells. We also show that this Gal-8--induced FAK signaling transactivates the EGFR through the classical MMP pathway. The EGFR pulled down with GST-Gal-8 might be secondary to interaction with  α5β1. The evidence indicates that MDCK cells under Gal-8 stimulation increase their proliferation and migration/invasion capabilities, requiring EGFR activity sustained by this FAK/MMP pathway. This pathway differs from the EGF-induced down-regulation of FAK activity required for EGF-mediated initial increase in tumor cell motility and invasion ([@B57]). FAK itself is involved in cell proliferation, migration, and invasion ([@B90]; [@B88]), as well as in EMT ([@B96]). Therefore, FAK can contribute to EMT-related effects through additional routes beyond the EGFR. In addition, EGFR and TGFβR signaling are synergic in promoting EMT ([@B31]), and Gal-8 has recently been reported to activate TGFβR signaling ([@B85]). Therefore, even though other converging EMT-driving pathways might participate in the tumorigenic EMT induced by Gal-8, at least, an enhanced FAK/EGFR signaling seems to be crucially involved.

MDCK-Gal-8^H^ cells also show higher activity of MMP13 and uPA protease systems, as well as increased expression of uPAR, fibronectin, and α5β1 integrin. All these proteins can modulate EGFR activity ([@B39]; [@B59]; [@B116]) and can underlie proliferation and invasiveness in a cooperative manner ([@B10]; [@B117]). For instance, the uPA/uPAR system promotes directional invasion distributing to the leading edge of migrating cells ([@B11]; [@B91]), while MMP13 is expressed in a broad range of primary malignant tumors and has been proposed as a potential biomarker for metastases ([@B5]; [@B79]). Complexes containing EGFR, uPA/uPAR, α5β1-integrin, and fibronectin stimulate cell migration and tumor metastasis through converging signaling pathways ([@B2]; [@B66]), including FAK ([@B90]; [@B34]). Furthermore, EGFR signaling ([@B75]; [@B114]; [@B106]), MMP13 ([@B10]), uPA/uPAR ([@B48]), α5β1, and fibronectin have all been involved in EMT in different cellular contexts ([@B118]). Accordingly, MDCK-Gal-8^H^ cells show characteristic hallmarks of EMT, including decreased expression of E-cadherin and increased levels of vimentin and Snail, as well as activated β-catenin ([@B118]). Therefore, Gal-8 emerges as a new and strong EMT-inducer, compromising a variety of regulation systems intertwined with EGFR function. The combined action of all these molecules can certainly support the exaggerated proliferation and migration/invasive activities of MDCK-Gal-8^H^ cells.

MDCK-Gal-8^H^ cells acquired higher capability for anchorage-independent growth in soft agar, indicating resistance to anoikis, a property usually correlated with oncogenic EMT and required for metastasis ([@B28]; [@B72]; [@B76]). These MDCK-Gal-8^H^ cells subcutaneously injected in NSG mice generate tumors contrasting with their MDCK counterpart. Some of the tumors show clear signs of invasive behavior, such as perineural invasion and skeletal muscle infiltration. Confluence of blood vessels toward the tumor and vascularized papillae suggest ongoing angiogenesis, a process that can be stimulated by Gal-8 ([@B22]; [@B103]). Previous studies reported MDCK cells as nontumorigenic in adult nude mice ([@B93]; [@B105]; [@B40]) and NOD/Scid mice ([@B30]), becoming tumorigenic after transformation with the Moloney sarcoma virus ([@B105]), v-*src* ([@B40]), oncogenic H-Ras, or YBX1 transcription factor ([@B30]). Our results suggest that long exposure to high levels of Gal-8 can promote a similar oncogenic-like tumorigenic phenotype in MDCK cells.

EMT frequently generates intermediate phenotypes (partial EMT) between the extreme epithelial and mesenchymal phenotypes ([@B118]; [@B72]). This typically occurs during collective migration, when epithelial cells move together without losing adhesions between them ([@B72]). MDCK-Gal-8^H^ cells at subconfluence maintain most of the cobblestone appearance of parental MDCK cells, with motile projections but contrasting with the spindle shape, the mesenchymal phenotype of oncogen-transformed MDCK cells ([@B31]). As in collective migration, few MDCK-Gal-8^H^ cells detach from the main epithelial mass during the wound-healing assay. We show that once reaching confluence, these cells lose EMT hallmarks and form monolayers with transepithelial resistance and apical/basolateral polarity, segregating Gal-8 secretion to the apical domain while β1-integrins are distributed basolaterally. Partial EMT and reversion also seems to occur in vivo. We show that tumors generated by MDCK-Gal-8^H^ cells are heterogeneous, displaying regions of cells expressing E-cadherin with a mesenchymal phenotype, adjacent to epithelial structures with basolaterally distributed E-cadherin, suggesting different levels of EMT.

Enhanced proteasome activity is very likely instrumental to the Gal-8--driven EMT. Proteasome-mediated degradation of ubiquitinylated proteins regulates several transcriptional and signaling elements involved in EMT ([@B110], [@B111]). Changes in proteasome activity have been associated with either induction or repression of EMT, depending on the cellular context. For instance, hepatocarcinoma cell lines develop EMT under the expression of tetraspanin TM4SF5, involving down-regulation of proteasome expression, while in the absence of TM4SF5 these cells respond to proteasome inhibitors and develop EMT ([@B44]). Mammary epithelial cells down-regulate proteasome subunits during EMT and long-term inhibition of proteasome activity induces EMT associated with a stem-cell phenotype ([@B6]). On the contrary, in prostate cancer cells, proteasome inhibition abrogates EMT by decreasing NFκB activation, leading to down-regulation of Snail expression ([@B7]). Esophageal cancer cells also respond to proteasome inhibition by attenuating EMT ([@B98]). MDCK cells treated with HGF or expressing v-Src tyrosine kinase undergo EMT clearly reflected in cell scattering, which can be blocked by proteasome inhibitors that avoid Rac1 down-regulation ([@B104]; [@B58]). Indeed, lowering proteolytic basal activity by direct proteasome inhibitors have pleiotropic effects that might hinder the interpretation of the proteasomal role in such a complex process as EMT ([@B110], [@B111]). Instead, here we show that Gal-8 increases proteasome activity through a FAK/EGFR pathway ([Figure 8](#F8){ref-type="fig"}), whose inhibition not only abrogates the Gal-8--induced proteasome overactivity ([Figure 8](#F8){ref-type="fig"}) but also the higher migration/invasion capabilities ([Figure 4](#F4){ref-type="fig"}) and uPA activity ([Figure 5E](#F5){ref-type="fig"}), which are characteristics of EMT. Furthermore, Gal-8--overexpressing MDCK cells, once reaching confluence, revert not only their EMT traits ([Figure 6](#F6){ref-type="fig"}) but also their proteasome overactivity ([Figure 9](#F9){ref-type="fig"}). Neither the inhibitors of the FAK/EGFR pathway nor the confluent condition decrease proteasome activity under the basal level of untreated MDCK cells. All this, together with previous observations in other cellular systems ([@B110], [@B111]), strongly suggests that Gal-8 promotes partial EMT involving overactivation of a FAK/EGFR/proteasome pathway. To our knowledge, there is no precedent of any galectin- or FAK-mediated regulation of proteasome activity. Furthermore, the only reported example of EGFR-stimulated UPS is in *C. elegans*, but this involves up-regulation of genes for ubiquitin ligase elements related with lifespan rather than direct stimulation of proteasome activity ([@B52]). Our results indicate that Gal-8 elevates proteasome activity through a FAK/EGFR pathway that does not increase the mass of the proteasome and thus could involve a yet undefined post-translational modification.

Previous studies showed that the chimera type Gal-3 forms large lattices with cell-surface elements and facilitates ligand-induced EGFR activity, counteracting in this way the interactions of the activated EGFR with both the endocytic machinery and the tumor suppressor caveolin-1 ([@B77]; [@B12]). In contrast, the tandem repeat Gal-9 reduces EGFR activation determining decreased proliferation in cholangiocarcinoma cell lines ([@B47]) and induces apoptosis, loss in cell viability, and reduced colony formation in MDCK cells ([@B113]). Therefore, our finding that Gal-8 transactivates the EGFR suggests that different galectins can modulate EGFR function and epithelial biology in complementary or antagonistic manners.

The opposite segregation of Gal-8 and its interacting cell-surface receptor β1-integrin in polarized MDCK cells reveals a galectin-mediated cell regulation that depends on the asymmetric compartmentalization of the epithelial cell surface. Sorting of growth factors and their corresponding receptors to opposite cell-surface domains has previously been proposed as an important regulation system in polarized epithelial cells ([@B97]). In the respiratory epithelium, apical secretion of heregulin and basolateral distribution of ErbB receptors, including EGFR, constitutes a paradigmatic example of a mechanism by which injury-driven loss of polarity allows for the productive interaction of a growth factor with its cognate signaling receptors, leading in this case to cell proliferation and wound healing ([@B107]). Here we show that Gal-8 is apically secreted, whereas β1-integrins are basolaterally distributed in polarized MDCK-Gal-8^H^ cells. Tight junctions indeed prevent diffusion of Gal-8 to the basolateral side, precluding its interaction with β1-integrins and the consequent activation of the FAK/EGFR pathway. Accordingly, we show that Gal-8 only activates the proteasome from the basolateral side in polarized MDCK cells. This would explain why EMT traits, including proteasome activity, manifest only under subconfluent conditions and tend to dissipate when MDCK-Gal-8^H^ cells reach confluence. Continuous Gal-8 interaction with β1-integrins would be required to maintain EMT in these cells.

Taken together, all these data provide new clues to understand and to counteract Gal-8--mediated cancer pathogenicity. Gal-8 is overexpressed in several carcinomas ([@B25]), including renal carcinomas associated with the worst prognosis ([@B53]). We recently described that Gal-8 silencing reduces proliferation and survival of glioblastoma cells, indicating an additional role in the malignancy of other cancerous cells ([@B61]). Carcinoma cells frequently coexist with differentiated epithelial cells in tumors ([@B72]), and therefore they can generate a Gal-8 enriched microenvironment not only favorable for their own growth but also for tumorigenicity in neighboring epithelial cells.

MATERIALS AND METHODS
=====================

Antibodies, reagents, and plasmids
----------------------------------

Companies and antibodies against the indicated proteins: Santa Cruz Biotechnology, Santa Cruz, CA ( α5-integrin, H104; uPA, H140; uPAR, FL-290; MMP13, H-230; β-actin C4; Lamin A; β-catenin); Millipore (Darmstadt, Germany) (phospho-Tyrosine 4G10); Sigma (St. Louis, MO) (fibronectin, \#3648); BD Transduction Lab (Lexington, KY) (E-cadherin, BD610181; FAK, BD610088); ECM Biosciences (pFAK Tyr397, FM1211); Cell Signaling Technology (Danvers, MA) (vimentin \#5741; E-cadherin, \#); Abcam (Cambridge, UK) (Snail, ab180714); American Type Culture Collection (ATCC) (Manassas, VA) (EGFR, hybridoma HB8506); Bio SB (Santa Barbara, CA) (Ki67); Rockland (Boyertown, PA) (horseradish peroxidase \[HRP\]-conjugated secondary antibodies). Ulrike Kuckelkorn (Humboldt Universität zu Berlin, Germany) kindly provided proteasomal 20S α4 subunit antibodies, and Enrique Rodriguez-Boulan (Weill Cornell Medical College, New York, NY) the mouse monoclonal anti-GP135. EGFR984 antibodies were generated as described ([@B84]). Human recombinant Gal-8 produced in *Esherichia coli* ([@B17]) was used for cell treatment and generation of rabbit polyclonal antibodies (anti-Gal-8C4). Reagents were purchased from Calbiochem (La Jolla, CA) (GM6001, PD98059, AG1478, ONO4817, Lactacystin, and Fluorogenic proteasome Substrates II, III, and VI); Santa Cruz Biotechnology, (Santa Cruz, CA) (FAK inhibitor Y15); Sigma (St. Louis, MO) (β-lactose, DMEM containing high glucose, protein-A-Sepharose); Life Technologies (Grand Island, NY) (fetal bovine serum \[FBS\]); Invitrogen (Carlsbad, CA) (cell-culture reagents); and Amersham (Piscataway, NJ) (\[^3^H\]thymidine and the enhanced chemiluminescence \[ECL\] system).

Cell culture, transfection, and proliferation
---------------------------------------------

We used MDCK cells previously characterized for cell polarity, proliferation, and EGFR function ([@B14]; [@B15]). Most of the results were also reproduced in MDCK cells from the ATCC provided by Enrique Rodriguez-Boulan (Weill Cornell Medical College, New York, NY) ([@B35]). Cells were routinely analyzed by RT-PCR for mycoplasm contamination and cultured in DMEM supplemented with 7.5% FBS and antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin, and 5 μg/ml Plasmocin). Permanently transfected cells with pcDNA3-myc-Gal-8 or pcDNA3-myc empty vector (MOCK) were generated using Lipofectamine 2000 and selection media containing 0.8 mg/ml geneticin sulfate (G418) and were maintained in 0.4 mg/ml G418, as described ([@B14]; [@B92]; [@B15]). Cell proliferation was assessed by ^3^\[H\]thymidine incorporation ([@B15]), simultaneously adding TDG (10 mM), lactose (20 mM), sucrose (20 mM), or exogenous Gal-8 (GST-Gal-8 or as Gal-8 proteolitically released from GST) for 24 h.

Immunoprecipitation and immunoblotting
--------------------------------------

The EGFR was immunoprecipitated with the monoclonal HB8506 antibody, resolved by SDS--PAGE, and immunoblotted with anti-phosphotyrosine monoclonal antibody (mAb) 4G10 (1:1000), while EGFR mass was assessed by immunoblot with anti-EGFR984 (1:500), as described ([@B84]; [@B15]; [@B89]). Gal-8 was immunoprecipited with anti-Gal-8C4 (produced in our laboratory) from cell extracts prepared in lysing buffer A (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM, ethylene glycol-bis(2-aminoethylether)-*N*,*N*,*N*',*N*'-tetraacetic acid (EGTA), 2 mM MgCl~2~, 10% glycerol, and 1% Triton X-100, supplemented with 0.5 mM PMSF, 0.1 mM Pepstatin, and 0.1 mM Leupeptin antiproteases) and was then immunoblotted with the same antibody. To analyze protein secretion, trichloroacetic acid (TCA)-precipitated proteins from 48 h serum-free conditioned media was immunoblotted with anti-Gal-8 (1:500), anti-uPA (1:1000), and anti-MMP13 (1:1000). To assess the β-catenin distribution between cytosolic and nuclear fractions, the cells were suspended in lysing buffer B (10 mM HEPES, pH 8.0, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol \[DTT\], 10% NP-40, and antiproteases), vortexed for 10 s, and centrifuged for 30 s. The supernatant corresponds to the cytosolic fraction. The pellet nuclear fraction was lysed in Buffer C (20 mM HEPES, pH 8, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and antiproteases).

Immunofluorescence analysis
---------------------------

Cells grown on Transwell polycarbonate filters of 6.5 mm, pore diameter of 0.4 μm (Corning), were fixed in 4% paraformaldehyde and 4% sucrose, permeabilized with 0.2% Triton X-100, and treated for double indirect immunofluorescence. Primary antibodies: rabbit anti-E-cadherin (Cell Signalling), mouse anti-GP135 (provided by Enrique Rodriguez-Boulan, Cornell University), and Hoechst 33342 stain (Thermo Fisher Scientific). Secondary antibodies: anti-mouse Alexa-555 and anti-rabbit Alexa-488. The images were collected at 2048 × 2048 resolution in Z stacks of 300-nm steps using a Leica SP8 confocal microscope and a 63× oil immersion 1.4 ma lens.

RT-PCR
------

Transcripts of the following proteins were detected with the indicated primers:Human Gal-8 (Forward 5′-ATACTCTGCTCTATGGCCAC-3′ Reverse 5′-TGGCATTTGCATTCACTTCT-3′)Canine Gal-8 (Forward 5′-GACCTCAATCAACAATAAGG-3′ Reverse 5′-CTACCAGCTCCTTACTTCCA-3′).Canine actin (Forward 5′-GATGACCCAGATCATGTTTG-3′ Reverse 5′-GTCAGGATCTTCATGAGGTA-3′);Canine uPA (Forward: 5′-AAGCAGAGTTTCAATGTGGC-3′ Reverse: 5′-TGGGAATTAATGAAGCAGTGTG-3′);Canine uPAR (Forward: 5′-TATGGGAAGATGGTGATGAGC-3′; Reverse: 5′-CGCAGGAAACACATTCTAGG-3′);Canine MMP13 (Forward 5′-TTTGGAACTAAAGAGCATGGG-3′; Reverse: 5′-TCATCGGGAAGCATAAAGTG-3′).

Anchored-independent growth
---------------------------

Assays were performed in 12-well plates with 500 cells/well layered as a single cell suspension in 0.3% agar on top of 0.5% agar, as described ([@B56]; [@B89]). After 14 d, colonies were manually counted under a 10× objective in at least three wells per condition in each experiment. Colony areas were quantified with ImageJ software.

Zymograms
---------

Zymography of urokinase and gelatinase activity was performed as described ([@B45]; [@B86]). Proteins present in conditioned media were resolved by SDS--PAGE. To detect urokinase activity, the gel was then washed with 2.5% Triton X-100, placed over 1% agarose gel prepared in 50 mM Tris-HCl, pH 8, 20 mM CaCl~2~, and 0.05 μg/ml casein, and incubated for 24 h at 37°C to achieve a visible level of casein degradation. The reaction was stopped using 2% CuSO~4~. For detection of gelatinase activity, the samples were resolved in 10% SDS--PAGE containing 10 mg/ml gelatin, and the gel was incubated for 24 h at 37°C in 100 mM Tris-HCl, pH 8, and 20 mM CaCl~2~, stained with Coomassie blue.

Wound closure, invasion, and polarity assays
--------------------------------------------

Cells (1 × 10^5^) grown to 80% confluence on coverslips in medium with 5% FBS were deprived of serum for 16 h before wounding the monolayer with a micromanipulator, mounted on thermoregulated plate (Zeiss) at 37°C in DMEM-HEPES, pH 7.5, for time-lapse imaging in vivo. Digital images were taken at 30-min intervals with a 10× objective in a Zeiss Axiophot microscope using a 14-bit Zeiss Axiocam camera and Axiovision imaging software (Zeiss). The wound areas were quantified with MetaMorph imaging software (Universal Imaging, West Chester, PA). Treatments with Gal-8 or TDG were initiated 1 h before wounding. For invasion assays ([@B33]), Transwell polycarbonate filters of 6.5 mm, pore diameter of 8.0 μm (Corning), and coated with Matrigel solution (1 μg/ml) for 4 h at 37 °C were seeded with 5 × 10^4^ cells and then incubated for 24 h, fixed, and stained with 0.2% crystal violet in 10% ethanol to assess the number of invading cells that traverse the filter. A domain-specific biotinylation assay was carried out in MDCK cells grown to confluence in Transwell polycarbonate filters of 24 mm diameter with a pore size of 0.4 μm. Apical and basolateral conditioned medium were collected separately for 18 h, precipitated with TCA, and analyzed by immunoblot. Biotinylated proteins were precipitated with neutroavidin-Sepharose followed by SDS--PAGE, immunoblot, and ECL detection (Thermo Scientific), as described ([@B14]; [@B92]).

Proteasome activity assay
-------------------------

Cells (200,000/well) grown to confluence and left overnight in the absence of FBS were lysed in buffer A. Proteolysis of fluorogenic substrates (50 mM) for chymotrypsin-like (β5), trypsin-like (β2), and caspase-like (β1) activity of the 20S proteasome was measured in the cell lysates with a BioTek Synergy HT Fluorimeter using excitation and emission wavelengths of 390 and 460 nm, respectively ([@B64]).

Tumorigenesis in NOD scid gamma (NSG) mice
------------------------------------------

NSG mice (males, 25 g, 10 wk) were subcutaneously inoculated with 10^6^ cells in the flanks, and tumors were allowed to develop for 10 wk. The mice were killed, and the tumors were removed, weighed, and measured, calculating their volume with the following formula: width^2^ × length × π/6, where length is the longest diameter and width is the perpendicular diameter of the tumor. All experimental protocols were performed in accordance with the United States National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at Pontificia Universidad Católica de Chile.

Tumor histology and immunohistochemistry
----------------------------------------

Histology analysis and immunohistochemistry were performed in Formalin-fixed, paraffin-embedded sections of tumors, using primary antibodies diluted 1:200 in 10 mM Tris-HCl buffer (pH 7.8) and 1% bovine serum albumin (wt/vol), and secondary HRP-conjugated anti-rabbit IgG at 1:1000 dilution, following established protocols, as described ([@B26]).

Statistical analysis
--------------------

The software GraphPad PRISM Version 6.0c (San Diego, CA) was used for statistical analysis. Data were analyzed with normality tests (D'Agostino and Pearson omnibus normality test, Shapiro-Wilk test, or Kolmogorov-Smirnov test) showing a normal distribution. Data are presented as the mean ± SEM values and differences were analyzed with the Student's *t* test, one-way analysis of variance (ANOVA), or two-way ANOVA, and Mann-Whitney test, two-tailed, as indicated. Statistical significances correspond to \**p* \< 0.05, \*\**p* \< 0.005.
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